The epidemiology of to-day is the child of parasitology. Medicine is its grandmother, once or twice removed. The universe of study which now faces the epidemiologist is not, in its essence, composed of a number of cases of a clinically recognizable disease, with a distribution that varies in an in triguing way in space and time. It is composed -of a variety of biological species, some acting as parasites and some as hosts. The parasites may be viruses, or bacteria, or fungi, or protozoa, or worms. The hosts may be men, or animals, or insects, or plants. Some parasites, particularly certain helminths, pass through different life cycles in different hosts, so that they are dependent on at least two host species for their continued propagation. Many parasites can propagate themselves in the tissues of two or more animal species which act as alternative hosts. Certain biting insects act as vectors. Sometimes the parasite passes through an essential phase of a complex life cycle within the insect's tissues. Sometimes it is simply transferred from the blood of one host to that of another, perhaps with multiplication by binary fission during transit. Sometimes non-biting insects act as mechanical vectors of parasites, commonly from excreta to food; but in these instances they provide only one among many possible routes of infection. Even if we take the simplest case in which there is no insect vector, and in which, so far as we yet know, only one host, say man, and one parasite are concerned, we find that our universe is not composed of sick persons and the parasite that causes the disease, but that there are, among the infected hosts, all gradations from clinically typical cases, through mild and atypical infections, to what are known as healthy carriers, persons who display no signs or symptoms of illness but from whose tissues or excreta the causative parasite may be isolated.
It is clear that no amassing of clinical observations, however careful and acute, and no correlation of such observations with environmental factors, however complete the records and statistical analyses, could have solved such problems as these, or have shown us in any detail how and when we might intervene effectively. Such observations have supplied us with data that form an essential part of our field of study; but when, to-day, we are faced with correlations between certain diseases and certain conditions of climate, or housing, or occupation, we do not leave it at that, we trans pose our picture into terms of the effect of these environmental conditions on the hosts, or vectors, or parasites concerned. We think, for instance, not in terms of marshes and malaria, but in terms of breeding places for mosquito larvae, and of how these are affected by light, shade, salinity, and a host of other factors. We try to discover which mosquitoes bite which hosts and under what conditions, how far they fly, and where they hiber nate, and when. We view the problem of plague in terms of rats and fleas, of typhus in terms of lice, of diphtheria in terms of carriers as well as cases, and so on. The medical or veterinary epidemiologist becomes a biologist The CroonianLecture 339 whether he will or no. The biologist can study many of the problems of epidemiology with no more than a nodding acquaintance with human or veterinary medicine. The very complexity of the natural systems with w'hich the epidemio logist is faced often makes it difficult to tell which of the correlations that he observes are biologically significant. This difficulty is not lessened by the fact that it is quite easy to invent hypotheses that would, if they were true, fit attractively into our puzzle. It is much less easy to determine whether they are true or not; and this step has been omitted with a rather surprising frequency.
One way of attempting to solve some of our problems is to turn our backs on the natural world, and to simplify our conditions until the number of variable factors reaches manageable proportions, and then to see what happens when wre hold some factors constant and vary others. This is the method that Professor Greenwood and I, together with our colleagues Dr Joyce Wilson and Dr Bradford Hill, have been exploring for many years past (Greenwood, Hill, Topley & Wilson 1936) . We have worked with mice, and with three diseases to which mice are naturally prone: pasteurellosis, a bacterial disease of the respiratory tract; mouse typhoid, an intestinal bacterial disease; and a virus disease, ectromelia. All these diseases spread from mouse to mouse by direct contact. The various precautions that we have taken to control our experimental conditions have been described elsewhere.
The effect of varying the rate of addition of susceptible mice
In most experiments we have started an epidemic among a group of mice, and then added a constant number of mice each day for many months, or for several years. The effect of varying the rate of addition of susceptible mice to infected herds, contact being continuous, may be briefly sum marized as follows.
With low rates of addition, up to one or two mice each day, the deathrate has shown wide and irregular fluctuations, with occasional inter missions. As the rate of addition rises, the curve of daily mortality assumes an undulating form, with no intermissions, and no clearly defined waves or peaks after the few initial fluctuations that always mark the earliest phases of epidemic spread under these conditions. The total population of the herd rises, at first steeply, then more slowly. In experiments carried on for many months or years it tends towards a relatively constant level. Figure 1 shows the first five months' experience in an epidemic of pasteur ellosis, in which six mice were added daily to the herd. Fig. 2 shows similar periods for two epidemics of ectromelia, in each of which three mice were added daily to the herd.
It may be noted that, in our limited experience, there is little correlation between the average daily death rate and the rate of addition of susceptible mice, provided that immigration is maintained at a steady rate. It follows that the effect of adding more mice each day is simply to increase the level of population at which equilibrium is attained. F ig u r e 1. S e c u la r d e a t h r a t e a n d p o p u la t io n in t h e f i r s t fiv e m o n t h s o f a n All our evidence suggests that, with rates of addition higher than have been practicable in our experiments, we should attain a steady rate of mortality and a stable population, the daily deaths equalling the daily additions. This means only that such a system has no inherent tendency to fluctuate, as epidemics fluctuate under natural conditions. There is no evidence that the parasite waxes or wanes in its relevant biological pro perties as it passes from host to host, or that the hosts pass through any periodic variation in resistance. Nor does the infection ever die out. We must search in other directions for the factors that determine the rise and fall of epidemic waves.
The effect of changing from continuous TO DISCONTINUOUS CONTACT
In an experiment which has not yet been recorded in detail we varied the procedure described above by keeping the mice constituting an infected herd in separate cages, one mouse to a cage. We started the experiment with twenty-five mice infected with mouse typhoid and 100 normal companions. Each Monday, Wednesday and Friday the mice were ® ^ 0-05 F igure 3. A , c o n t a c t b e c o m e s c o n ti n u o u s ; B , c o n t a c t b e c o m e s i n t e r m i t t e n t ; assembled in a single large cage for 4 hrs, and on each of these days two normal mice were added to the herd. The course of events is shown in figure 3 . The herd was assembled on 19 April 1937. An epidemic started, but soon died down; and after about the 70th day deaths from mouse typhoid ceased to occur. The population was rising, and by the 149th day had reached 180. Since no death from mouse typhoid had occurred for approximately 80 days, it seemed that these conditions, though involving close contact between the mice for 4 hrs on each of three days a week, were not such as to ensure an effective spread of infection. The conditions were therefore altered, and on the 149th day the mice were aggregated in a single large cage. The response was almost immediate. Within a few days deaths from mouse typhoid recurred, and, within 35 days of aggregation, a major epidemic wave was well under way, reaching a peak 15 days later. After this wave had subsided, the mortality remained at a relatively high level, and by the 289th day of the experiment the total population had fallen from 180 mice to 44, in spite of the addition of 6 new entrants a week. On day 290 the herd was again separated into single cages, and allowed to mingle for 4 hrs on each of three days a week. The response was as prompt as before, but in the reverse direction. The death-rate sank, and the popula tion mounted. These conditions were maintained from the 290th to the 767th day, a period of over 1 year and 3 months. During this period the death-rate followed an irregular course. It seemed clear that intermittent contact of this degree, while it had been insufficient to maintain the initial epidemic spread when only a few of the mice were infected, was adequate to maintain a smouldering endemic prevalence after the massive infection of the herd that followed the first aggregation. On the 767th day the herd was aggregated in a single cage for a second time. Again there was a brisk response. A major epidemic wave started within 15 days, reaching a peak about 20 days later, and then fell sharply. Within 30 days the population fell from 150 to 20 mice. The experiment was shortly after brought to an end. Its interest lies in the striking response to simple changes in the continuity of contact without the introduction of any new source of infection.
W. W. C. Topley

The effect of dispersal on an infected herd
We have carried out a few experiments to test the effect of dispersing an infected herd into groups of varying size, no subsequent additions being made (Topley 1922; Topley & Wilson 1925) . The results indicate that dispersal into relatively large groups, for instance the dispersal of 100 mice into four groups each of 25, has little effect once an epidemic has begun to spread. If the groups are smaller, if for instance, a herd of 100 mice is dispersed into 10 groups of 10 mice apiece, the subsequent specific mor tality is much lower than in a control herd of 100 mice maintained as a single unit, provided that dispersal is carried out in the initial phase of an epidemic. If, on the other hand, dispersal is delayed until an epidemic wave is well under way it has little effect, even though the dispersed groups are numerous and small. The withdrawal of mice from a herd, in which infection is continuously spreading, to isolation in single cages, always lowers the subsequent average mortality of these mice as compared with that of their contemporaries left in the herd, however long they have previously been exposed to risk (Greenwood et al. 1939) .
Group-to-group infection
In the same category of experiments depending on the controlled move ments of infected and susceptible mice in relation to one another, we may include a small series of tests designed to answer a rather different question (Topley & Wilson 1923) . In the many experiments in which we have added normal mice to an infected herd for periods of months or years, the infec tion has never shown any signs of dying out. It was clearly of interest to see how long an infection could be propagated if a small group of infected 1931-o-1932-g 1934-1- w e e k s F ig u re 4. S h o w in g w e e k ly a t t a c k r a t e s p e r c e n t o f a ll n a s o p h a r y n g e a l in f e c tio n (e x c lu d in g in flu e n z a ) fo r t h e fiv e L e n t t e r m s 1930-4 (g ir ls ' b o a r d i n g s c h o o ls).
mice was placed in contact with a small group of normal mice for a rela tively short period, the normal contacts removed after this exposure and placed in contact with another group of normal mice, and this process repeated as long as infection continued to pass from group to group. The results of these tests were in sharp contrast to those obtained when normal mice were added to a herd in which infection was spreading continuously. By the group-to-group method of contact, the period of contact between groups varying from 4 to 21 days, it was never possible to secure the passage of mouse typhoid or of pasteurellosis beyond the third successive group. We have not yet made similar experiments with ectromelia. Had the groups been larger, or the period of contact between them longer, continuous spread would probably have been secured. These experiments are merely another illustration of the dominance in the spread of infection of those factors that determine the probability of effective contact.
There is no difficulty in finding analogies to the events in'our cages in the natural world outside them. As examples we may take some of the data collected by my colleague, Dr Joyce Wilson, on behalf of the School Epidemics Committee of the Medical Research Council (School Epidemics Committee 1938). They were obtained from twenty-one public schools for
w e e k s F ig u r e 5 . S h o w in g w e e k ly a t t a c k r a t e s p e r c e n t o f a ll n a s o p h a r y n g e a l in f e c tio n (e x c lu d in g in f lu e n z a ) fo r t h e fiv e S u m m e r t e r m s 1 9 3 0 -4 (g irls ' b o a r d in g sc h o o ls).
.8 4-0 12 13 14 w e e k s F ig u r e 6 . S h o w in g w e e k ly a t t a c k r a t e s p e r c e n t o f a ll n a s o p h a r y n g e a l in fe c tio n ( e x c lu d in g in flu e n z a ) fo r th e fiv e C h r is tm a s t e r m s 1930-4 (g irls ' b o a r d in g sch o o ls).
boys, and ten public schools for girls. Complete card records were made, for the five years 1930-4 inclusive, of all forms of sickness involving an absence from school on one or more days. Taking the group of minor nasopharyngeal infections, colds, sore throats and so on, figures 4, 5 and 6 show the attack rates for these disorders for each week of the Lent, Summer and Christmas terms in each year for the ten girls' schools. It will be seen that in every term, in every year, there was a primary peak incidence between the second and fourth week of term, usually between the third and fourth. Similar curves for any of the common infectious diseases, such as measles, tell an analogous story.
There can be no doubt that this termly distribution of infective disease is the direct result of the reaggregation of boys and girls after the dis persal of the holidays. It cannot be due to seasonal influences, since the same thing happens in each of the three terms, save that the peaks are higher in the Lent terms for those diseases that are prevalent in the late winter and early spring. Epidemics of this kind are, at the moment, part of the price that we must pay for education.
It is of some interest to trace the effect on these contact infections of the evacuation of children from our larger and more vulnerable cities which occurred on the outbreak of war. Figure 7 shows the weekly incidence of scarlet fever and diphthe?ia in England and Wales for the ten years 1931-41. For measles and whooping cough, which have only recently been made notifiable, the w eekly deaths in the 150 great towns have been taken over the same period. The vertical lines are drawm at 31 December each year.
It is obvious at a glance that the last three months of 1939 and the greater part of 1940 were periods of unusually low incidence so far as these diseases were concerned; and the change in the form of the yearly curves, with the exception of that for diphtheria, is as striking as the total fall in the cases or deaths. Scarlet fever, in 1940, fell to its lowest level in the early spring, instead of in the late summer. The expected rise in the measles death-rate in the w-inter of 1939-40, and in the early spring of the latter year, is conspicuous by its absence; and the same is true of whooping cough during the early months of 1940. It might be argued that the ab normal curves for measles and whooping cough are due to the figures for these diseases being taken from the great towns. When the curve was drawn, monthly mortality figures for the country as a whole were not available; but Dr Stocks, of the General Register Office, has kindly supplied me w ith the relevant quarterly figures for the period in question, and these show that the number of deaths in England and Wales was so low that no epidemic can have occurred. There are, however, many considerations that have to be taken into account in interpreting secular curves of this kind; and it is possible that the decrease in any of these diseases would have occurred apart from the war. The cumulative evidence does, however, suggest that the association with evacuation was not in each case for tuitous. Assuming this, it seems at least possible that school closure in towns, and the lack of school accommodation in the evacuation areas, contributed more to the result than the move from town to country per se.
E n g l a n d a n d W a le s , w e e k ly n o tifie d e a s e s o f s c a r le t fe v e r (1 9 3 1 -4 1 ).
E n g l a n d a n d W a le s , w e e k ly n o tif ie d c a s e s o f d i p h t h e r i a (1 9 3 1 -4 1 ).
G r e a t to w n s o f E n g la n d a n d W a le s , w e e k ly n o tifie d d e a t h s f r o m m e a s le s (1 9 3 1 -4 1 ). 1932 1933 1934 1935 1936 1937 1938 1939 1940 (53 weeks) G r e a t to w n s o f E n g la n d a n d W a le s , w e e k ly n o tifie d d e a th s f r o m w h o o p in g c o u g h (1 9 3 1 -4 1 ).
F ig u r e 7
At the same time that we were evacuating children from our larger towns, and decreasing their contacts in school, we were collecting a large part of our young adult males into huts and billets. Young adults are, for the most part, resistant to scarlet fever, diphtheria, measles and whooping cough; but they are susceptible to another disease, cerebrospinal meningitis, which is also spread by contact infection by way of the upper respiratory tract. Whenever we mobilize an army we may expect an outbreak of this disease during the first winter or spring, when the men spend a large part of their time in huts or billets. In spite of the low rates of other sickness in the army, this particular expectation was fulfilled. Figure 8 shows that a major epidemic of cerebrospinal meningitis occurred in the early months of 1940. During the rest of the year the incidence remained higher than in any year of peace, and there was another epidemic wave, though on a F ig u r e 8. E n g la n d a n d W a le s , w e e k ly n o tifie d c a se s o f c e r e b r o -s p in a l f e v e r (1 9 3 1 -41).
smaller scale, in the early months of 1941. Fortunately, the new sulphonamide drugs had provided us, for the first time, with an effective remedy; and though the morbidity was high the case mortality was low.
The lesson to be drawn from this is, I think, the following. It is quite certain that movements of susceptible and infected hosts in relation to one another, and aggregations or dispersals of human or animal herds, apart from any introduction of new infection, are sufficient to induce major changes in the incidence of many infective diseases. In considering the relation of any environmental factors to the rise and fall of epidemic waves, it will always be wise to determine in what way they affect the movement and distribution of the hosts at risk.
Equally, when we attempt to lessen the incidence of an infective disease, it will be wise to consider carefully whether any practicable change in the habitual movements and distribution of infected and susceptible hosts will lessen the frequency of contact between them.
The same applies to the mechanical transference of parasites, through the air, by dust, by contaminated objects, by persons or animals who may transfer the parasites from host to host without themselves becoming infected, and so on. The system becomes more complex, the risks more numerous, and the necessary measures of control more various, but the principle does not change. Any step that lessens the probability of effective contact, direct or indirect, is a step in the right direction. This seems a platitude; and so it should be. But there are many instances in which the possibilities of action along these lines have not yet been fully exploited.
W. W. C. Topley
The effect of natural and artificial immunization
In summarizing the results obtained in long-continued experimental epidemics, it was noted that there was no evidence of any periodic change in the resistance of the hosts at risk of a kind that would lead to fluctuations in the rate of mortality. This does not mean, of course, that the resistance of the mice is uniform on entry to the herd, or remains unchanged there after. The individuals of any host species vary in their innate resistance, and the average resistance of mice that have lived for long in an infected herd will be greater than the average resistance of mice on entry, if only because the more susceptible will have been sifted out by death.
infected ___ _ c a g e a g e (d a y s ) F ig u r e 9. P e r c e n t a g e o f in f e c tio n s a n d d e a t h s a m o n g n i n e t y m ic e Those who survive do not remain unchanged. The great majority of them react to a non-fatal infection by developing an immunity of the type that depends on the production, in the host's tissues, of antibodies that react specifically with certain constituents of the infecting micro-organisms.
It would be easy to give any number of illustrations of this type of immunization from the world of natural events, but the data available for infected herds of mice are more complete, and therefore more easily represented in graphic form. Figure 9 is constructed from the results obtained in a particular epidemic of mouse typhoid in which daily examina tions were made of the excreta of all mice at risk, so that infection could be detected apart from death (Topley, Ayrton & Lewis 1924) . The abscissae are days of cage age, not days in secular time. Mice dead of the disease are included among the infected, so that the difference between the broken and continuous curves represents mice infected but still alive. It will be seen that, by the 25th day of residence in an infected herd, 42 % of en trants are dead, and 41 % infected but alive. The data from many other epidemics indicate that infection rates of this order hold for most of our experiments, though there is naturally some variation. We can, at least, regard it as highly probable that most survivors of a few weeks' standing have acquired the specific infection, and with it the stimulus that we should expect to result in some degree of specific immunity. In considering how far our expectations are realized it will be convenient to select experiments in which the fate of normal entrants has been compared with that of mice artificially immunized with an appropriate vaccine, so that we may at the same time assess the extent to which we can gain the advantage of im munity without the risk of death. Figure 10 shows the relevant findings in the case of mouse typhoid (Greenwood, Topley & Wilson 1931a, b) . The ordinates give the average expectation of life arbitrarily limited to 60 days. Here again, the abscissae are days of cage age, not days in secular time. The upper curve shows the limited expectation of life at all days of cage age from 0 to 50 of normal mice living in an uninfected herd to which three normal mice were added each day. As one would expect, the expectation of life approximates closely to its maximum value throughout, though it is somewhat below it during the earlier days of cage life before the mutual antagonisms of new entrants and old inhabitants have been replaced by a reasonable degree of tolerance. The lower curves show the change in expectation of life with cage age of mice that were living, and dying, in a herd infected with mouse typhoid, to which groups of vaccinated and control non-vaccinated mice were added together at regular intervals. It will be seen that the controls fared badly. On entry they had less than half the normal expectation of life, and their expectation sank till about the 25th day, when it was only 9-3 days out of a possible 60. This fall is due to the fact that the expectation of life will be minimal on the day of cage age at which, on the average, the mice have become infected and are in the final stages of a fatal illness. The expecta tion of life then rises, in part because the more susceptible mice have been eliminated by death, in greater part, perhaps, because the survivors have been specifically immunized by a non-fatal infection. The curves labelled G, E, F and G refer to mice a by the injection of two doses of four different killed bacterial vaccines, all containing the essential antigenic constituents of Bacterium It will be seen that, at all cage ages, they fare better than the non-immunized controls; but they never attain an expectation of life approaching the normal. It should, however, be noted that the mice in these experi ments are exposed to a continuous risk of contact infection greater than would be encountered by any human population, except under very unusual conditions. The effectiveness of antityphoid inoculation in man has been amply proved by the experience in our armies. Figure 11 shows similar curves for an epidemic of the virus disease ectromelia (Greenwood et al. 1936) . The immunized mice in this instance were injected with two doses of a living but attenuated virus. The results here differ sharply from those obtained with mouse typhoid. On entry to the cage the control mice have an expectation of life even lower than that of the non-immunized entrants to the herd infected with mouse typhoid. But, after a slight fall, reaching its lowest point on the 8th day of cage age, the curve rises sharply, and by the 30th day has attained a value not far below the normal. Clearly, the natural immunization that follows a non-fatal attack of ectromelia is more effective than the natural immuniza tion that follows an attack of mouse typhoid. Similarly, our vaccination has been far more effective. The immunized mice on entry to the cage have an expectation of life of almost 50 days out of a possible 60. The expectation never falls significantly below that figure, and later rises above it. We have placed our immunized immigrants, from the start, in the same position as that reached by the surviving non-immunized controls after some 26 days of cage life, when they have passed through an experience to which more than half the normal entrants have succumbed. It should be noted that, in this experiment, the limited expectation of life declined between the 30th and 50th days of cage life; but this decline applied equally to the control and vaccinated mice.
W. W. C. Topley
It is clear that the process of natural immunization will result in changes in the proportions of resistant and susceptible hosts among any com munity exposed to the risk of infection by a particular parasite. After the subsidence of a major epidemic wave the proportion of susceptibles will be decreased to a level depending on the average risk of infection to which the community as a whole has been subjected. If no new susceptibles gain access, an equilibrium may persist in which a high infection rate is balanced by a high level of herd immunity. If, after such an equilibrium has been maintained for a considerable period, a relatively large number of susceptibles gain entrance within a-short interval of time, another major outbreak may occur, in which the newcomers suffer first and most severely, but in which some of the old survivors are also involved (Topley 1921) . This sequence of events has been observed both in experimental epidemics and in natural outbreaks of disease. If, on the other hand, susceptibles gain access in small numbers, continuously or intermittently, the course of events will depend in the main on the average risk of infec tion to which the newcomers are subjected. If it is very high, there will tend to be a persistent endemic prevalence, with occasional cases of disease, but no major outbreak. If it is low, the proportion of newcomers at risk may attain a relatively high level before a chance succession of infections sets a spark to the susceptible material and precipitates a new epidemic wave.
It is probable that changes in the spatial distribution of the hosts at risk, and changes in the proportion of susceptible and resistant hosts resulting from natural immunization, together account for many, perhaps most, of the periodic or repetitive fluctuations in prevalence observed under natural conditions in those epidemic systems in which infection is spread by direct contact, and in which no insect vectors or alternative hosts are involved.
It should be noted that the effectiveness of natural immunization varies, both in degree and duration, from one infective disease to another, and that, apart from variations of this kind, the immunity involved is in each case specific, not to the clinical disease as such, but to the chemical con stitution of the parasite that causes it, or of the toxin that the parasite produces. The chemical components concerned are known as antigens, and it happens that micro-organisms with different antigenic structures may produce indistinguishable symptoms and lesions in infected hosts, so that an acquired immunity towards a particular species or type of parasite may not be synonymous with immunity to the clinical disease of which it is one among several causes. There are, for instance, more than thirty different antigenic types of pneumococci that cause pneumonia in man, several types of the virus that causes foot-and-mouth disease in cattle, and, very unfortunately, more than one type of virus that causes human influenza.
We may now turn to factors of a different kind, which come into play at certain times, and in certain places, rather than as constant contributors to the course of events in any prolonged prevalence of infective disease.
The epidemic potency of different strains OF A SINGLE SPECIES OF PARASITE
Many field epidemiologists, and particularly the late Dr Fred Griffith, have been convinced that the observed behaviour of certain human infec tions, such as those due to haemolytic streptococci, demand the hypothesis of the existence of special epidemic strains of the parasites concerned, with heightened powers of producing disease by contact infection.
In an attempt to test this hypothesis experimentally, we have carried out a large number of trials by a method which differs from that employed in our long-term epidemics. We have assembled 100 mice in a single cage, and added to them 25 mice infected by the injection of a constant dose of the strain of bacterial parasite under test. We have watched events for 60 days, and then killed all surviving mice. We should not expect that experiments of this kind, even though carried out with a single strain of a particular bacterial parasite, would give us consistently replicable results, nor do they do so; but the variations are not so wide as might be feared. Figure 12 shows the course of events in thirteen such epidemics, the number of survivors among the 100 mice at risk being plotted against time (Topley, Greenwood & Wilson 1931) . The ten upper curves were obtained in ten experiments carried out with a particular strain of Bac terium typM-murium. It will be seen that this strain caused only a moderate mortality in the mice exposed to risk, though a large series of other tests had shown it to possess a relatively high virulence when injected directly into the tissues. The three lower curves were obtained in experiments carried out with a different strain of the same organism. It will be seen that this strain caused an appreciably higher epidemic mortality. The variations with each strain are considerable, but there can be no doubt as to the difference between them. The strain that failed to kill many of the mice did not fail to spread beyond those that it killed. In six of the ten experiments writh this strain, the proportion of infected mice among the survivors killed on the 60th day varied from 23 to 40 %. From the F ig u r e 12 survivors of the remaining epidemics initiated with this strain 100 mice were taken at random. The same number were taken from the survivors of the three more severe epidemics initiated with the other strain. These two herds were tested separately for resistance, by adding to each 25 mice infected with a third strain of Bacterium known to produce a high epidemic mortality. As a control, three herds, each of 100 normal mice, were tested at the same time in the same way. On the 60th day 69 % of the survivors from the mild epidemics remained alive, 66 % of the survivors from the severe epidemics, and 36-7 % of the normal mice that had not previously been exposed to risk.
The main interest of this experiment lies in the demonstration that one strain of a bacterial parasite may, as it spreads by contact, kill more hosts than it immunizes, while another may immunize more than it kills. We have, of course, long been aware that an effective specific immunity may be conferred by mild, or latent, infections; and Dudley's prolonged and detailed studies at the Royal Naval School at Greenwich (Dudley 1923, Vol. 130. B. 1926) provide a convincing demonstration of the epidemic immunization that accompanies any outbreak of diphtheria. It seems possible that infective strains, defined as those that have a relatively high power of contact spread, may be subdivided into those with high and low ratios of killing to immunizing potency. W. W. C. Topley Table 1 i n f e c ti v it v c o n t a c t s u r v iv o r s s t r a i n d e a t h s in f e c te d P .6 4 7 3 /1 0 0 6 /2 7 P .6 2 6 2 /1 0 0 7 /3 8 P .2 9 2 6 /1 0 0 0 /7 4 P . Experiments with various strains of Pasteurella (Greenwood al. 1936) have given a still clearer illustration of the independence of virulence, as tested by the power to kill when bacteria are injected directly into the tissues, and epidemicity as tested by the numbers of mice that succumb to contact infection. Table 1 shows the results obtained with five different strains of Pasteurella, which are listed in the first column in descending order of epidemicity. It will be seen that strain P.64 caused the death of 73 of 100 mice by contact infection within 60 days, and infected 6 others without killing them. It was also highly virulent, 10 Pasteurella killing 4 of 5 mice on injection, and larger doses killing all mice receiving them. Strain P.62, within the margin of error of such experiments as these, is of the same order of epidemicity and virulence as strain P. 64; but strain P.A.39 and P.29 have the same high virulence as strain P.62, but are at low epidemicity, showing very little of contact spread. Strain P.58 has the same low epidemicity as strain P.A.39, but is also of low virulence. It is clear that the biological properties, whatever they may be, that enable a bacterium to multiply within the tissues, causing the death of the host, are different, and dissociable, from those that enable it to obtain a foothold in a new host, to which it is transmitted by natural contact infection. The nature of the factors involved is at present quite obscure, and offers a fertile field of study to the bacteriologist and to the biochemist.
It may be noted that all the evidence at present available is against the view that variations in the epidemicity or virulence of the infecting para site play a part in the fluctuations in mortality that may occur during a long-continued epidemic, or that follow changes in the closeness or con tinuity of contact between infected and non-infected hosts. In this respect our own experience is in accord with the views expressed by Webster and his colleagues (Webster 19230-, b , c, 1924 (Webster 19230-, b , c, 1925 (Webster 19230-, b , c, , 1926 Webster & Burn 1926 a, b, 1 927 a, 6, c) whose independent stud Rockefeller Institute began soon after our own in this country. In obser vations lasting for more than twenty years we have only twice obtained evidence of a change of this kind occurring during experimental epidemics (Topley, Greenwood, Wilson & Newbold 1928; Greenwood et 1936) . So far as our present evidence goes, it seems likely that the evolution within any parasitic species of a strain of high epidemicity is an occasional event, rather than part of a normal or periodic process.
The effect of genetic differences in resistance WITHIN A SINGLE HOST SPECIES
Just as different strains within a single parasitic species differ in their power of infecting, and killing, a particular species of host, so different strains, or races, within a single host species differ in their resistance to attack; and the dissociation of different infective powers that can be demonstrated in selected strains of a given parasite has an analogy in the dissociation of resistance towards different parasites, or towards different activities of the same parasite, that can be demonstrated in selected strains of host.
Several observers have been able, by selective breeding, to produce strains of laboratory animals unusually resistant, or unusually susceptible, to particular bacterial parasites (Hill 1934) . In some instances, late generations of these selected strains, or mice belonging to inbred strains that have been found to be abnormally resistant, or abnormally susceptible, to a particular bacterial parasite, have been tested against other bacteria, viruses, or toxins. Thus, Gowen & Schott (1933) tested two inbred strains of mice, Silver and S., against Bacterium and against the virus of pseudorabies. S. was approximately four times as resistant as Silver to Bacterium typhi-murium, but Silver was approximately twice as resistant as S. to pseudorabies. Webster (1933) produced strains of mice abnormally resistant, or abnormally susceptible, to Bacterium enteritidis by selective breeding through several successive generations from mice that had survived infection with this organism. He then tested these selected strains against three other pathogenic bacteria, Pasteurella, Friedlander's bacillus, and the pneumococcus, and also against the virus of louping ill. The strain that was abnormally resistant to Bacterium enteritidis was also relatively resistant to the three other bacteria, but it was less resistant to the virus of louping ill than the strain that was abnormally susceptible to Bacterium enteritidis. Hill, Hatswell & Topley (1940) produced a strain of mice abnormally resistant to the injection of a partially purified toxin isolated from Bacterium typhi-murium, by selective breeding in successive generations from mice that had survived large doses of this substance. Late generations of these toxin-resistant mice were tested against living bacilli of the same bacterial species, but proved no more resistant than unselected controls. It is clear, therefore, that genetic resistance, while not specific in the same sense as the resistance depending on antigen-antibody reactions, is limited in its range, and is an expression of the effect of different factors that may be inherited independently.
The racial differences in resistance depending on these factors, in man or in animals, will affect the natural spread of epidemics by increasing their severity in some quarters of the world, and lessening it in others. They may also, in areas inhabited by a mixture of races, lead to a differential incidence or death-rate. It should, however, be emphasized that it is usually a matter of the greatest difficulty, when faced with recorded obser vations of this kind, to disentangle the effects of genetic factors, im munization by previous infection, and environmental influences.
The plant pathologist and the plant geneticist have gone further in this particular field, and have obtained results of the greatest interest. They have, for instance, demonstrated, in their studies on the stem rust of wheat, that the genetic resistance of selected host strains may be narrowly related to strain differences in the parasite (see Craigie 1940). A selected strain of wheat that is highly resistant to one strain of rust may be highly susceptible to another; so that the possibility that has here been opened to us of eliminating susceptible hosts by selective breeding depends on our ability to produce, by appropriate crossing, strains of wheat that are resistant to all the strains of rust by which they are likely to be attacked.
Apart from innate differences in resistance, and acquired differences in specific immunity, host resistance may be affected by a variety of other factors, by certain dietetic deficiencies, by exposure to severe climatic changes, and so on. It would take us too far afield to discuss these factors in any detail. We need only note that it is desirable to assess their relative importance by experiment, or by carefully controlled observations, before attempting to assign to them their respective roles in the natural course of events.
More complex systems
We have so far limited our attention to the simplest form of epidemio logical system, in which a single species of parasite reacts with a single species of host; though each species may be divisible into biological races or types that differ significantly in their behaviour.
In turning to more complex systems, we can do no more than note analogies. The most important natural modification in our simple system is, perhaps, the intervention of an insect vector; and of all human diseases conveyed by insect vectors malaria has pride of place.
So far as prevention is concerned, our main problem is still to reduce the probability of effective contact between a person infected with the malarial parasite and a person susceptible to it. But effective contact no longer means mere propinquity. The infected person must be bitten by a mosquito of the appropriate species at the appropriate time, when parasites at the right stage of development are present in the circulating blood, and this same mosquito must then bite a susceptible, non-infected host, again at the appropriate time, when the parasite has passed through its sexual cycle in the mosquito's tissues. In the absence of mosquitoes of an appropriate kind, and in adequate concentration, the malarial parasite cannot pass with effective frequency from host to host, however closely the hosts are aggregated; indeed, the aggregation or dispersal of infected and susceptible hosts now loses its significance, except in so far as it is related to the distribution of the insect vectors, to their powers of flight, and to their feeding habits.
I have neither the knowledge nor the time to discuss the fascinating story of the prevention of malaria by mosquito control. There are, however, two points in the epidemiology of malaria that may be noted, since they bear directly on the general principles that we have considered in relation to simpler systems.
The first concerns the malarial parasite itself, and the host's reactions to it. There was a tendency until quite recent years to assume that the problem of resistance to protozoal infections in general, and to malaria in particular, differed in some fundamental way from that of resistance to bacteria and viruses. In particular, little attention was paid to the possible effect of mechanisms depending on antigen-antibody reactions. This neglect, though a natural result of difficulties in technique, was always biologically unjustified, if only because the production of specific antibodies is a general phenomenon that follows the introduction into the animal tissues of any foreign protein, or any foreign chemical complex of which a protein is a part. It is possible that this property may be shared by other large and complex molecules that have no protein component. Recent studies in malaria, particularly on monkey malaria, and on the artificial infection of human subjects as a method of cure in certain mental diseases, have shown quite clearly that there is a specific acquired immunity depending not only on the species of malarial parasite, but on strain differences within a species that are clearly analogous to the different antigenic types of bacteria and viruses. The role of antigen-antibody reactions may well be less important in protozoal than in bacterial or virus infections, but it is, perhaps, equally probable that mechanisms other than those dependent on such reactions are more important in acquired resistance to bacteria and viruses than has been commonly supposed.
The second point concerns the insect vector. Just as we have seen that different biological races within a single parasitic species, quite apart from differences in antigenic type, differ significantly in their epidemiological behaviour, and that different strains within a host species may show wide differences in genetic resistance, so we find that different strains, or races, of a single species of insect vector may differ profoundly in their efficacy as infecting agents, usually because of differing predilections for the blood of man and other animals (see Hackett 1937).
Time forbids consideration of the further complexities that may be introduced into our epidemiological systems by the intervention of alter native or reservoir hosts, or of many other factors that we have left untouched; but there is one last point that should be underlined. Whenever we seek to lessen the frequency of an infective disease, we seek, in one way or another, and usually by synchronous attack along many different lines, to reduce the probability of a pathogenic parasite gaining access to a susceptible host. We need never, by our own action, reduce the probability to zero. The biological system on which any endemic or epidemic pre valence depends is in unstable equilibrium, shifting now to the advantage of the parasite, now to that of the host. As we reduce the frequency of effective contact, we reduce the mass of infective material on which the probability of further diffusion in part depends. If we can tip the balance far enough the system itself will do the rest, and the disease will be reduced to negligible proportions, or even disappear.
In conclusion I should wish to express my indebtedness to Mr W. T. Russell, Mr W. J. Martin and Mr E. Lewis Faning for the help they have given me in obtaining certain statistical data, and in the preparation of some of the graphs.
